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SUMMARY 


Aerodynamic characteristics of a large-scale model of a tilt-ving V/STOL 
transport aircraft are presented. The investigation was conducted in Ames 
4o- by 80 -foot wind tixanel at various heights above a fixed groimd plane. 
Free-stream Reynolds number varied from 0 to 2.9 million. Model configura- 
tions included wing tilt angles from 0 *^ to 90 ^ ^ trailing-edge flap deflections 
from 0 ^ to 60 *^, and partial-span wing leading-edge slats . 

Results show ground proximity decreased lift up to 20 percent (depending 
on wing tilt angle), decreased drag, and increased nose-down pitching moment. 


INTRODUCTION 


Several methods of achieving v/STOL capability are currently being 
investigated through wind-tunnel and flight tests. One of these is the tilt- 
wing deflected slipstream concept applied to a large-scale, four propeller, 
transport model. 

The results of previous wind-tunnel tests of tilt-wing models (refs. 1 
to 5 ) a^re of interest for background. It was indicated (refs. 1 to 3) that 
airflow separation on tilt -wing aircraft would limit descent performance and 
cause buffeting in the low-speed transitional flight regime. Previous wind- 
timnel investigations also indicated adverse ground effects (ref. 3)* The 
wind-tunnel investigation reported herein was made to determine the effect of 
ground proximity on the aerodynamic characteristics of a large-scale, 
propeller driven, tilt-wing transport aircraft. 


NOTATION 


A total disk area of all four propellers, 4^tr^, sq ft 
b wing span, ft 

c wing chord parallel to plane of symmetry, ft 



Cl 


mean aerodynamic chord 




h/2 


c^dy, ft 


drag coefficient including thrust, drag 

q.S 


lift coefficient including thrust. 


measured lift 
qS 


Cl,s 

Cm 


slope of lift cuive, per degree 


lift coefficient based on slipstream. 


lift 

^sS 


. u. pitching moment 
pitching-moment coefficient ^ ~ 

(Moment center varied with wing tilt angle as shown in figure 10.) 


■^n ,s 






D 

g 

h 

% 


j 

I 

n 

W 


yawing -moment coefficient based on slipstream, moment 

qsSb 

pressure coefficient based on free-stream dynamic pressure, 

qS 

pressure coefficient based on slipstream dynamic pressure, — 

average slipstream thrust coefficient based on slipstream and total 
thrust of all propellers ^ 

qg(N'^® A) 

propeller diameter^ ft 

acceleration of gravity^ 32.2 ft/sec^ 

height of wing pivot above ground plane ^ ft 

height of fuselage bottom above ground plane, in. 

angle of unit horizontal tail relative to fuselage reference line, 
positive leading edge up, deg 

propeller advance ratio, ^ 

fuselage length, in. 

propeller rotational velocity, rps 

number of propellers 
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Pb 

q. 

R 


pressure on fuselage bottom^ Ib/ft^ 
free-stream dynamic pressure, i 9 ^ ? Ib/sq ft 


slipstream dynamic pressure, q + — — p ■ Ib/sq ft 

N( jrD /4) 


Reynolds number. 




rpm revolutions per minute 

r propeller blade radius, ft 

S wing area, sq ft 

T total thrust of all four propellers^ lb 

T T 

Tn thrust coefficient, — 

qS 

V free-stream tunnel velocity, ft/sec or as noted 

X distance along bottom of fuselage from centerline of inboard propellers 

when tilted up to 90 ° (see fig. 3)^ ft 

W gross weight, lb 

WL water line 

angle of attack of fuselage reference line, deg 
bg, aileron deflection relative to local flap^ deg 
6^ flap deflection relative to local wing chord, deg 

5^ wing tilt angle of root chord relative to fuselage reference line, deg 

P propeller blade angle at 3 /^^, deg 

p mass density of air, slugs/cu ft 

|j. coefficient of viscosity, slugs /ft- sec 
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Eelationships ‘between coefficients 'based on free-stream and propeller slip- 
stream dynamic pressure are as follows: 


T 

<ls = a + J 


_ T _ Tc' _ ^c' 

■ (IgA ’ Ia/S T^'+1.38 


1-C 


T^s 


= _a. 

Is 


C 


L^s 




) 


MODKL AND APPAEATCJS 


The model in figure 1 was used for these tests (and also for the tests 
reported in ref, l). 

Figure 2 is a three-view drawing of the model and figure 3 shows the 
location of surface pressure orifices on the bottom of the fuselage. 

Pertinent model geometry is listed in tables I and II. 

A typical section of the double-slotted t railing-edge flap is shown in 
figure hy and the coordinates are presented in table II. Figure 5 shows 
details of the partial-span tapered slat outboard of the inboard nacelle^ and 
of a 0.10c slat outboard of the outboard nacelle. The basic short fore and 
aft fuselage-to-wing center section ramps described in reference 1 were used 
and are shown in figure 6. Tests with the tail on were conducted with a 
horizontal-tail incidence of 20*^. 

The geometric characteristics of the three-bladed propellers are shown in 
figure 7j the outboard blade of all four propellers rotated upward (see 
fig, 2). All propeller blade angles were set at 10^ at the 3/^ radius 
station. 


TESTS AND CORRECTIONS 


Tests were conducted at free-stream velocities from 0 to 54 knots 
(q = 0 to 10^ Reynolds number 0 to 2.9 million based on the wing mean aero- 
dynamic chord of 4.99 ft). Angle of attack was varied at a fixed free-stream 
dynamic pressure^ propeller speedy and propeller blade angle. The propeller 
thrust characteristics were determined by the propeller on and off calibration 
technique. Figure 8 shows the relationship of the thrust coefficients Tc* 
and Cip g for this model so that coefficients based on free-stream dynamic 
pressure may be readily converted to coefficients based on propeller 
slipstream dynamic pressure. 
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The model was moionted above a stationary groimd plane. The location of 
the ground plane in relation to the model is shown in figure 9* Lift, drag, 
and pitching moment were corrected for the tare due to the exposed variable- 
height struts but no corrections were made for the tunnel wall. 

Moments were calculated about the reference points shown in figure 10. 
The moment center was varied slightly with wing tilt angle to simulate the 
wing mass effect on the location of the center of gravity of a typical 
airplane . 


EESULTS 


The aerodynamic characteristics obtained from this investigation are 
summarized in figures 11 throi;igh 1^ and are discussed in more detail in the 
next section. Basic data (force, moment, and pressure distribution on the 
bottom of the fuselage) are presented in figures 15 through 27 without 
discussion. Tables III, IV, and V are indices to the figures. 

Fixed ground plane data were compared with moving belt data obtained from 
references 6 and 7 for a similar small-scale model with 5^ = 4o and 6^ = 6o . 
The comparison indicated that the moving belt was not required up to the 
following conditions : 


2 h/b = 0.67 to Cl = 7-^ 

0.52 5-6 

0.36 ^.3 

Beyond these limits the fixed ground plane results were pessimistic by a 
maximiom value of 10 percent for lift coefficients as high as 8.11 and for 
2 h/b as low as 0.1. The fixed ground plane data of this report may be simi- 
larly pessimistic for higher lift coefficients than those listed above. 


DISCUSSION 


Ground Effects on Aerodynamic Characteristics 

Typical effects of ground proximity on the aerodynamic characteristics 
of the model are presented in figure 11 which shows the variation of Cj^, Cp, 
and Cm with the dimensionless height parameter, 2 h/b. These results show 
that for 5^ = 20^ or more, a reduction in height was accompanied by a reduc- 
tion in Cj^ and C^^ and by a nose-down change in C^* Ground proximity 
generally caused the magnitude of these changes to increase with increasing 
^c* ^ ^f • 

The adverse ground effects described above were partially due to a loss 
in flap effectiveness as height was reduced as shown in figure 12 which 
presents the variation of C^^ and C^ with 6^ for various values of 2 h/b. 
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Illlllll Hill 


For free-air conditions (2 h/b = O.67) the results show the expected increase 
in and Cj) with increasing 6^. However^ at the lowest height 
(2 h/b = 0.36) an increase in 5 ^* caused a reduction in 0 ^, Tuft studies 
showed that^ for wing tilt angles of 20^ or more^ ground proximity increased 
the separated area of the flaps. 

An unusual occurrence during these tests was a negative lift-curve slope 
in a high performance STOL configuration ( 5 ^ = 60 ^ 6^ = - 4-0 , partial-span 
leading-edge slats ^ and p = 10 *^). At of 12.5 and 2 h/b of O.52 a lift- 

curve slope of - 0.1 per degree was obtained as shown in figure 23(b). The 

airflow was attached over the surface of the wing (except over the fuLselage 
center section), over all vane or foreflap segments, and over the inboard aft 
flap segment, while the aft flap segments outboard of the inboard nacelle were 
separated. The negative lift-curve slope occurred only at 2 h/b = 0 . 52 , and 

was obtained with a propeller blade angle of 6 ^ as well as 10 °. The negative 

lift-curve slope and accompanying pitching moment can in part be explained by 
the changes in the pressure distribution on the bottom of the fuselage for 
various fuselage angles of attack at ground heights of O.67 and 0.5^, 

(figs. 27(a) and (b), respectively). Figure 27 (a) shows little change in 
pressure distribution with angle of attack; whereas 27(b) shows that pressure 
became increasingly negative on the lower surface of the fuselage, indicating 
a reduction in fuselage lift. 

Ground effect on yaw control in hover is presented in figure 13 * For 
±20° aileron deflection (d^ = 20° left wing and = -20° right wing) yawing 
moment decreases with decreasing ground height. 

Ground Effects on Typical Airplane Performance 

The consequences of the reduced and Cj^ due to ground effect on the 

performance of a typical airplane having a wing loading of 70 psf are shown 
in figures 11 and l 4 -. Figure 11 showed that for a finite fixed wing incidence 
and fixed thrust coefficient (corresponding to fixed power), the aircraft 
accelerates downward and forward at 0.1 to 0.3 g as the ground is approached. 
To arrest this acceleration the wing incidence and thrust would have to be 
increased. 

Another consequence of ground effect is the change in lift and thrust 
coefficients required for unaccelerated flight (fig. l 4 -). The thrust coeffi- 
cient required for a given (^*ig* l 4 -(a)) for unaccelerated flight in ground 
effect is considerably less than that required out of ground effect, since the 
drag coefficient is less in ground effect. The lift coefficient in ground 
effect is reduced both by the reduction in T^* and by the unfavorable ground 
effect on lift (fig. l 4 (b)) for a given thrust - coefficient . As shown in fig- 
ures l 4 -(a) and (b), these effects combined to produce a considerable increase 
in speed required for fixed 5 ^ steady flight in ground effect. For example, 
with a wing tilt angle of 50^ the minimum speed in ground effect is about 
54 - knots compared to a minimum speed of about 35 knots out of ground effect. 
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CONCLUDING KEMAEKS 


Wind-timnel tests of a large-scale tilt-wing model to determine ground 
effect in the low transition speed range showed that ground proximity signif- 
icantly reduced lift and drag^ and increased nose-down pitching moment. Aile- 
ron effectiveness for yaw control in hover diminished with decreasing ground 
height . 


Ames Research Center 

National Aeronautics and Space Administration 
Moffett Fields Calif. ^ Jan. 12^ I968 
721-01-00-01-00-21 
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TABLE I.- GEOMETKEC DIMENSIONS OF THE MODEL 


Dimension 

Wing 

Horizontal 

siirface 

Vertical 

surface 

kve&, sq, ft 

196.5 

50.4 

46.7 

Span, ft 

40.5 

16.0 

9.35 

c, ft 

4.99 

3.27 

5.60 

Aspect ratio 

8.35 

5.08 

1.87 

Taper ratio 

0.55 

0.50 

0.25 

Geometric twist, deg 

3.7° 

Washout 

0 

0 

Dihedral from reference 




plane, deg 

- 2.12 

0 

0 

Airfoil section 

Modified 
NACA 23017 

0015 root 
0012 tip 

0018 root 

0012 tip 

Sweep of leading edge, deg . . . 

6 .67 

i 4.7 

32.7 

Sweep of c/i 4 -, deg 

4.7 

11.0 

25.7 

Sweep of trailing edge, deg . . . 

-1.3 

0 

0 

Root chord, ft 

6.26 

4.20 

8.00 

Tip chord, ft 

3.44 

2.10 

2.00 




















TABLE III.- SUMMARI PLOTS 


Figure 

Effect of ground height on longitudinal characteristics 
deg deg deg deg 

0 6o 20 10, slats off, a = 0° ll(a) 

20 6o 20 10, partial span slats, a = 0° (b) 

40 6o 20 10, partial span slats, a = 0° (c) 

60 4o 20 10, partial span slats, a = 0° (d) 

Comparison of flap effectiveness at three groimd heights 12 

Ground effect on yaw control in hover 

5^ = 90 °; = ±20°, and propeller rpm 1321 13 

For unaccelerated flight (Cj) = O) at various wing tilts with 
bf = 60 ° and for W/S = ?0 

Thrust required in and out of ground effect l^(a) 

Lift required in and out of ground effect (b) 
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TABLE IV.- LONGITUDINAL FORCE DATA 


2h/L 

0.67 

.52 

.36 

.67 

.52 

.36 

.67 

.52 

.36 

.67 

•52 

.36 

.52 

.36 

.67 

.52 

.36 

.52 

.36 

.67 

.52 

.36 

.67 

.52 

.36 

.67 

•52 

.67 

.52 

.36 


deg 

0 


t 

20 


4o 


60 



deg 


40 

J 


4o 

el 


4o 

1 


♦ 


0 




aileron setting and slats are omitted from 
configuration information as shown on each plot^ 
the ailerons are at 0^ and the wing leading edge 


is clean. 

^Tail rotor on but not used. 

^Paitial-span tapered slat outboard of inboard 
nacelle and 0.10c slat outboard of outboard 
nacelle . 



TAELE V.- PRESSURE DATA 


Flgirre 


Pressixre distribution on the bottom of the fuselage at 
various ground heights, ving tilt angles, and T^’ at 3 = 10° 
and a = 0° 


60 

o 

o 

CVJ 

II 

= 6o°, 

it 

= 20°, 2h/b = 0.67 

26(a) 




= 0.52 

(b) 




= 0.36 

(c) 

Sw = ^0°^ Sf 

= 6o°, 

it 

= 20°, 2h/b = 0.67 

(d) 




= 0.52 

(e) 




= 0.36 

(f) 

= 6o°, 6f 

= i|-0°. 

it 

= 20°, 2h/b = 0.67 

(g) 




= 0.52 

(h) 




= 0.36 

(i) 

Pressure distribution on 
8^, = 60°, 5 f. = ^0 , Tc’ 
angles of attack 

the lower surface of the fuselage for 
= 12,0^ various ground heights and fuselage 





2h/b = 0.67 

27(a) 




= 0.52 

(i>) 


Pressiire distribution on bottom of the fuselage for various 
ground heights and propeller rpm at = 90 , 5 p = 0°, a = 0°, 
and 3 = 10° 


Propeller rpm 

2h/b 

28(a) 

1150 

0.67 

0^) 

1265 

0.67 

(c) 

1150 

0.52 

(d) 

1265 

0.52 

(e) 

1150 

0.36 

(f) 

1322 

0.36 
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Figure 1.- Model moiinted above ground plane in the Ames 4o- by 80-Foot Wind Tunnel. 
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'23017 airfoil, modified ieoding edge 


y = -13.7 
Vane hinge iine 


I 

•t 


y = -22.3 
Fiap hinge line 

Ail dimensions in percent wing 
chord unless otherwise noted 


X = 69.3 


Figure 4 .- Details of the model flap system 


















Moment center 13.1 
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Fuselage (f^ = WL 0 
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Moment center 14.7 


Fuselage (^ = WL 0 




(a) 6^ = 0^ and 20^ 


Figure 10.- Variation of pitching -moment center with wing tilt angle. 







Moment center 16.1 
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Moment center 17.2 


Fuselage = WL 0 


Fuselage =WL 0 


(b) 8^ = 40° and 6o° 


Figure 10.- Continued. 
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.25 c 



Fuselage (^ = WL 0 

(c) 5^, = 90° 

Figure 10.- Concluded. 














(•3.) \ - SoP , - 4o°, 1^ = 20°, p = 10°, partial span slats, a 


Figure 11.- Concluded. 












2h/b 
O .36 
□ .67 



















(a) 2 h/b = 0.52 

Figure I 9 .- Longitudinal characteristics of the model with = 20°j 5f = 4o°^ i-t = 20°, partial span 

slats ^ (3 =10°. 



(a) 2h/b 


Figure 20.- Longitudinal characteristics of the mode! 

slats, p : 






(a) 2h/b = 0.52 

Figure 21.- Longitudinal characteristics of the model with 5^ = 6^ = 4o°^ i^ = 20°, partial span 

slats, B =10°. 
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(a) 2h./\) = 0.67 

Figure 22.- Longitudinal characteristics of the model with 6f = 60°, it = 20°, partial span 

slats, p = 10°. 
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(b) 2h/b = 0.; 


Figure 25.- 









□ 13 in. off fuselage 
O 25 in. off fuselage 



%/l 

(a) 5^ = 20°, 6f = 60 °, it = 20°, 2h/b = 0.67 

Figure 26.- Pressure distrilDution on the fuselage lower^suxface at various 
ground heights, wing tilt angles, and Tq’ at a = 0 and p = 10 . 





(c) 6^^ = 20°, 6f = 60 °, it = 20°, 2h/b = 0.36 

Figure 26.- Continued. 
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O Fuselage 

□ 1 3 in, off fuselage (|_ 
O 25 in. off fuselage C 
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O 25 in. off fuselage 




(h) = 60° , 5f = it = 20°, 2h/'b = O .52 

Figure 26.- Continued. 
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(a) 2h/b = 0.67 


Figure 27.- Pressure distribution on fuselage lower surface for 5^ = 6o‘ 
bf = Tc' = 12.0^ various ground heights and fuselage angles of 

attack - 












Inboard propeller 


(a) Propeller rpm = 1150^ 2h/b =0.67 

Figure 28.- Pressiire distribution on fuselage lower surface for various ground heights and propeller 

rpm's at 5^ = 90°; 5|. = 0°, a = 0°, and p = 10°. 
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- 1.0 -.5 0 .5 1.0 1.5 

Nose X/D Tail ► 

Inboard propeller 

(f) Propeller rpm = 1322^ 2h/'b =0.36 
Figure 28.- Concluded. 
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